Accumulation of aggregated α-synuclein into Lewy bodies is thought to contribute to the onset and progression of dopaminergic neuron degeneration in Parkinson's disease (PD) and related disorders. Although protein aggregation is associated with perturbation of proteostasis, how α-synuclein aggregation affects the brain proteome and signaling remains uncertain. In a mouse model of α-synuclein aggregation, 6% of 6215 proteins and 1.6% of 8183 phosphopeptides changed in abundance, indicating conservation of proteostasis and phosphorylation signaling. The proteomic analysis confirmed changes in abundance of proteins that regulate dopamine synthesis and transport, synaptic activity and integrity, and unearthed changes in mRNA binding, processing and protein translation. Phosphorylation signaling changes centered on axonal and synaptic cytoskeletal organization and structural integrity. Proteostatic responses included a significant increase in the levels of Lmp7, a component of the immunoproteasome. Increased Lmp7 levels and activity were also quantified in postmortem human brains with PD and dementia with Lewy bodies. Functionally, the immunoproteasome degrades α-synuclein aggregates and generates potentially antigenic peptides. Expression and activity of the immunoproteasome may represent testable targets to induce adaptive responses that maintain proteome integrity and modulate immune responses in protein aggregation disorders.
Introduction
Cells have developed protein homeostasis networks to maintain proper cellular function and combat potentially toxic protein aggregation [1] [2] [3] . Failure to sustain proteostasis upon protein aggregation may contribute to the pathogenesis of several neurodegenerative diseases of aging such as Parkinson's disease, Alzheimer's disease and Amyotrophic lateral sclerosis [1] [2] [3] . These diseases are characterized by progressive misfolding and aggregation of proteins and ultimately neuron death.
However, it remains unclear how intracellular aggregation of proteins leads to neuron dysfunction and death. Studies in cellular model systems have shed some light on the pathological mechanisms of endogenous protein aggregation. Dynamic changes in the proteome of cultured cells following intracellular aggregation of artificial synthetic proteins indicated that the formation of amyloid-like aggregates attracted several interacting proteins, which were functionally linked to protein synthesis and quality control [4] . These findings were recently expanded to show that not only artificial synthetic proteins enriched in β-sheet structure but also fragments of mutant huntingtin and TAR DNA-binding protein 43 (TDP-43) peptides, which aggregate in human diseases, cause disturbances in the proteome by interfering with nuclear-cytoplasmic protein and RNA transport [5] . Collectively, these studies highlight the impact of protein aggregation on the proteome and proteostasis, and provide the intriguing hypothesis that the reallocation of cellular resources to combat changes in the proteome upon endogenous protein aggregation leads to dysfunction and ultimately neuron death.
To explore, for the first time, protein aggregation induced changes in the proteome and signaling through phosphorylation in vivo we capitalized on the development of a mouse model of α-synuclein aggregation and the use of quantitative mass spectrometry (MS)-based proteomic technologies. α-Synuclein is a 140 amino acid protein that is predominantly localized to vesicles in pre-synaptic terminals [6] [7] [8] participating in the regulation of neurotransmitter release and synaptic plasticity [9] [10] [11] . Several point mutations, as well as multiplications, of the α-synuclein gene are associated with familial Parkinson's disease (PD) [12] [13] [14] . Moreover, highly organized amyloid-like fibrils and nonamyloid amorphous aggregates of non-mutant α-synuclein are deposited into Lewy bodies, cytoplasmic inclusions that serve as histopathological hallmarks of sporadic PD and other related neurodegenerative disorders [15] [16] [17] .
To investigate the pathological mechanisms of α-synuclein aggregation, Luk et al. developed a mouse model of α-synuclein aggregation [18] . In this model, unilateral injection of preformed fibrils (PFFs) of recombinant wild type mouse α-synuclein into the striatum of nontransgenic mice induces progressive aggregation of endogenous α-synuclein, first in regions proximal to the injection site 30 days post injection (dpi) with further involvement of distally interconnected regions by 90 and 180 dpi. Injected mice developed significant dopaminergic neuron degeneration and impaired balance and motor coordination at 180 dpi [18, 19] . Importantly, degeneration and α-synuclein inclusions within the nigrostriatal dopaminergic system are confined to the injected side and absent in the non-injected contralateral side of the brain at 180 dpi. Additionally, injection of PFFs into α-synuclein null (Snca −/− ) mice fails to induce these effects, indicating that endogenous α-synuclein is required for aggregation and dopamine neuron degeneration [18] . This PFF injection model has been reproduced in mice, rats and non-human primates [20] [21] [22] [23] [24] . Therefore, this model (both wild type and Snca −/− injected mice) provides an opportunity for in vivo study of quantitative changes in the proteome upon aggregation of α-synuclein using MS-based proteomics and phosphoproteomics when used in combination with Stable Isotope Labeling in Mammals (SILAM) [25] .
Methods

Animals
Wild type female, 2-3 month old, C57BL6/C3H mice were obtained from the Jackson Laboratories (Bar Harbor, ME). Snca −/− mice were maintained on a C57BL6 background. 13 C-Stable Isotope Labeling in Mammals (SILAM) mouse brain tissue (C57BL6 female, L-Lysine-13 C6, 97%) was purchased from Cambridge Isotope Laboratories, Inc. All housing, breeding, and procedures were performed according to the NIH Guide for the Care and Use of Experimental Animals and approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC).
Stereotaxic Injection of PFFs
For stereotaxic injections, the PFFs were diluted in sterile PBS and fragmented using a Bioruptor bath sonicator (Diagenode, Denville, NJ). Sonication was performed at high power for 10 cycles (30s on, 30s off, at 10°C). Mice were anesthetized with ketamine hydrochloride (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). For each animal, PFFs were stereotaxically targeted into the ventral striatum (AP: +0.2 mm Bregma, lateral: 2.0 mm from midline, depth: 3.6 mm beneath the dura), dorsal striatum (AP: +0.2 mm, lateral: 2.0 mm, depth: 2.6 mm), and overlaying cortex (AP: +0.2 mm, lateral: 2.0 mm, depth: 0.8 mm). Injections were made through a single needle tract using 10 μL syringes (Hamilton, NV) at a rate of 0.1 μL per min (2.5 μL total per site) with the needle in place for ≥5 min at each target. Animals were monitored regularly following recovery from surgery. Mice were sacrificed at 90 days post injection by overdose with ketamine/xylazine. For biochemical studies, dorsal striatum and ventral midbrain from ipsilateral and contralateral sides were dissected and stored at −80°C until used. For histological studies, the brain and spinal cord were removed after transcardial perfusion with PBS and underwent overnight postfixation in either neutral buffered formalin (Fisher Scientific) or 70% ethanol (in 150 mM NaCl, pH 7.4), before being processed and embedded in paraffin.
Immunohistochemistry and Neuron Counting for Mouse Brain
Immunohistochemistry for α-synuclein phosphorylated at Ser-129 and tyrosine hydroxylase (TH) were performed on 6 μm thick coronal sections as previously described [18] . Digitized images of stained sections were acquired using a Perkin Elmer Lamina scanner at 20× magnification. Midbrain dopaminergic neurons belonging to the substantia nigra pars compacta and the ventral tegmental area were quantified from TH-immunostained coronal sections spanning the entire extent of the midbrain (every 9th section). Only intact neurons with visible nuclei and TH positive staining were included in the counting based on established criteria [26] . Statistical analysis between groups was compared using unpaired t-test.
Sample Preparation and LC-MS/MS Analysis
For each mouse injected, the midbrain and striatum of the injected and non-injected sides were individual dissected and kept separate. Two midbrain and striatum regions of the injected hemisphere were combined to generate one biological sample for the proteomic analysis. The same approach was employed for the non-injected side. Four biological samples for wild type and three for Snca −/− for each injected and non-injected side were analyzed through the proteomic workflow. Homogenates were prepared as described previously [27] . Briefly, brains were homogenized with a tissue grinder in cold urea buffer: 8 M urea, 75 mM NaCl, 50 mM Tris HCl pH 8.0, 1 mM EDTA, 2 μg/mL aprotinin (Sigma, A6103), 10 μg/mL leupeptin (Roche, 11017101001), 1 mM PMSF (Sigma, 78830), 10 mM NaF, 5 mM sodium butyrate, 5 mM iodoacetamide (Sigma, A3221), Phosphatase Inhibitor Cocktail 2 (1:100, Sigma, P5726), and Phosphatase Inhibitor Cocktail 3 (1:100, Sigma, P0044). Following 10 min centrifugation at 20,000g, protein concentration was determined by a BCA assay (Thermo, 23235). The supernatant was then combined with 13 C-labeled brain lysates in a 1:1 ratio (5 μg). Samples were reduced for 45 min with 5 mM dithiothreitol followed by alkylation with 20 mM iodoacetamide for 45 min. Samples were then diluted 1:4 with 50 mM Tris HCl pH 8.0 (to reduce urea concentration to 2 M), then digested overnight with trypsin (Promega, V5111) at 37°C overnight. 1% formic acid was added to the digests to remove urea by pelleting. The tryptic peptides were desalted by ultraMicro-Spin Vydac C18 column (Nestgroup, Inc., SUMSS18V). After peptide separation by high-pH reverse phase chromatography, 95% of peptides were combined in a concatenated pattern into 12 fractions for phosphoproteomic analysis. Lyophilized phosphopeptides fractions were re-suspended in 50% acetonitrile/0.1% trifluoroacetic acid (TFA) and then diluted 1:1 with 100% acetonitrile/0.1% TFA. These samples were then enriched for phosphorylation by incubation with 10 μL immobilized metal affinity chromatography (IMAC) for 30 min. Enriched IMAC beads were the loaded onto C18 silica-packed stage tips washed twice with 50 μL of 80% acetonitrile/0.1% TFA and 100 μL of 1% formic acid. Phosphopeptides were then eluted from IMAC beads with three washes of 70 μL 500 mM dibasic sodium phosphate, pH 7.0, (Sigma, S9763) and 2 washes of 100 μL of 1% formic acid. Elution from stage tips was then performed with 60 μL of 50% acetonitrile/0.1% formic acid. Washes were performed on a tabletop centrifuge at a maximum speed of 3500g. The peptides were analyzed by mass spectrometry (MS) and the data was analyzed with MaxQuant (described below). The SILAM ratio of light/heavy generated from the MaxQuant was converted to log 2 scale and the median of the SILAM ratios therefore was calculated. If the SILAM ratio was close to 1:1, a larger scale sample prep was performed similarly as described above. Protein (2 mg heavy: 2 mg light) was digested with trypsin/Lys-C mix (Promega, V5073) at 1:25 enzyme: protein ratio. This protease mix has been reported to enhance mass spectrometry-based proteomics analysis by reducing the missed cleavages at lysine residue of a given peptide [44] . The peptide fragments were desalted on tC18 SepPak cartridge (Waters, WAT036815) and the peptides were lyophilized and stored in −80°C. For reverse phase-HPLC, the peptides were reconstituted in 20 mM ammonium formate, pH 10.0. Peptide concentration was determined by UV280 before they were separated by high-pH reverse phage chromatography (Acquity UPLC H-Class instrument, Waters) to 72 fractions. Solvent A (2% acetonitrile, 5 mM ammonium formate, pH 10) and solvent B (90% acetonitrile, 5 mM ammonium formate, pH 10) were used to separate peptides with a ZPRBAX 300Extend-C18 column (4.6 mm x 250 mm, 5 Micron, Agilent). The gradient for separation was 1 mL/min flow rate as at 9 min, 100% A; 13 min, 94% A; 63 min, 71.5%; 68.5 min, 66% A; 81.5 min, 40% A; 83 min; 0% A; at 88-120 min with 1.2 mL/min with 100%A. Five percent of the samples were removed and recombined in a concatenated pattern into 24 fractions for proteomics analysis.
Peptide digests were analyzed on a hybrid LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled with a NanoLC Ultra (Eksigent Technologies). Mobile phase A consisted of 1% methanol/0.1% formic acid and mobile phase B consisted of 1% methanol/0.1% formic acid/79% acetonitrile. Peptides were eluted into the MS at 200 nL/min with each RP-LC run comprising a 15 min sample load at 3% B and a 90 min linear gradient from 5 to 45% B. The mass spectrometer repetitively scanned m/z from 300 to 1800 (R = 240,000 for LTQ-Orbitrap). FTMS full scan maximum fill time was set to 500 ms, while ion trap MSn fill time was 50 ms; microscans were set at one. FT preview mode, charge state screening, and monoisotopic precursor selection were all enabled with rejection of unassigned and 1+ charge states.
Database Searching, Construction of the Mouse Brain Reference Proteome and Proteomic Data Analysis
Protein identification was performed with MaxQuant (1.5.1.2) using a mouse UniProt database. Carbamidomethyl was defined as a fixed modification. The False Discovery Rate for peptides was set at 1%. Fragment ion tolerance was set to 0.5 Da. The MS/MS tolerance was set at 20 ppm. The minimum peptide length was set at 7 amino acids. The re-quantification option was left unchecked and the match-betweenruns was turned on. For a protein to be quantified, the peptide must be identified at least once in light and once in heavy. To construct a unified set of literature and experimental proteins, UniProt accessions were cross-referenced by gene or protein name. For literature proteins, we selected several studies that used MS-based proteomics to identify proteins in the unperturbed mouse brain [28] [29] [30] . A reference proteome was generated combining the literature proteome with proteins identified in our experimental runs (Data file S4).
The Light-to-Heavy (L/H) ratio in the non-injected side was divided by the L/H ratio in the injected side to compute the injected/noninjected ratio of ratios. Resulting lists of proteins were analyzed using the Perseus software (http://www.coxdocs.org/doku.php) [31] . The H/ L ratios reported by MaxQuant were inverted and log2 transformed. The mean, standard deviation, coefficient of variation, and principle component analysis (PCA) were calculated to examine the precision and repeatability of experiments. We used Z-score to scale the data by subtracting the mean of each column from the values and dividing by the standard deviation of the column.
Student's t-test and group averages were calculated and visualized in volcano plots within Perseus. Lists of statistically significant proteins with p-value b0.05 were selected and DAVID Bioinformatics Resources V6.8 was employed for Gene Ontology (GO) analysis. GO data was visualized using GO plot package in R [32] . The gene network analysis was performed using GeneMANIA (http://genemania.org/) prediction server [33] . Motif-x software tool was used for motif analysis of phosphoproteome using IPI Mouse Proteome as background.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD009647.
Western Blot Analysis of Mouse Tissue
Mouse brain samples were extracted using the same method described above for the MS analysis. For each analysis, 5-20 μg of sample was added per lane, separated on 12% Bis-Tris Pre-Cast gels (Thermo Fisher) and transferred to PVDF membranes using 7.5% BSA in TBS for blocking. All primary antibodies were used overnight at 1:1000. Antibodies were used against TH (tyrosine hydroxylase; EMD Millipore, 657012 RRID:AB_696697), DAT (dopamine transporter; EMD Millipore, MAB369 RRID:AB_2190413), Ddc (aromatic-L-amino-acid decarboxylase; Abcam, ab3905 RRID:AB_304145), NSE (neuron specific enolase; Abcam, ab53025 RRID:AB_881756), PKC-β2 (protein kinase C beta-2; Abcam, ab32026 RRID:AB_779042), Akt (protein kinase B; Cell Signaling, 9272 RRID:AB_329827), Lmp7 (proteasome subunit beta type-8; Abcam, ab3329 RRID:AB_303708), and α-synuclein clone D37A6 (Cell Signaling Technology, #4179 RRID:AB_1904156) or clone Syn211 (Sigma-Aldrich Cat# S5566, RRID:AB_261518). Antigen-antibody complexes were detected using an Odyssey LC scanner (LiCor) after incubation with appropriate secondary antibodies. Densitometry was used to quantify intensity of protein bands.
Western Blot Analysis and Proteasome Activity of Human Tissue
Brain samples (amygdala, cortex) from dementia with Lewy bodies and non-disease brains that have been described previously [34, 35] were extracted using high salt buffer containing 1% Triton-X100 (150 mM NaCl, 50 mM Tris, pH 7.6). Protease inhibitors were added to buffer prior to use. To collect triton-soluble fractions, samples were homogenized, sonicated and centrifuged at 15,000 rpm for 30 min. 500 μL of buffer was added to each sample. Protein concentrations were determined by BCA assay (Thermo Fisher). Samples were separated in a 12% Bis-Tris Pre-Cast gel (Thermo Fisher) and transferred to a PVDF membrane and blocked using 7.5% BSA in TBS. For each analysis 40 μg of sample was added per lane. All primary antibodies were used overnight at 1:1000. Antibodies were used against Lmp7 (proteasome subunit beta type-8; Abcam, ab3329 RRID:AB_303708), β5 (proteasome subunit beta type-5; Invitrogen, PA1-977 RRID:AB_2172052) and NSE (neuron specific enolase; Abcam, ab53025 RRID:AB_881756). Antigen-antibody complexes were detected using an Odyssey LC scanner (LiCor) after incubation with appropriate secondary antibodies. Densitometry was used to quantify intensity of protein bands. For proteasome activity, the brain samples were homogenized as described above in the absence of protease inhibitors and freshly prepared samples were analyzed using the proteasome activity fluorometric assay (BioVision K245). Assays were performed in a 96-well plate at 37°C using 5 μg of brain lysate per experimental condition. Each condition was analyzed with or without the proteasome inhibitor lactacystin (Enzo Life Science PI104). After 60 min, the fluorescence with inhibitor was subtracted from the fluorescence without inhibitor in each sample. Three biological replicates were quantified for each experimental condition. Statistical analysis between groups was compared using unpaired t-test.
Immunohistochemistry for Human Brain
Human brain sections were obtained from the Brain Bank of the Honolulu Asian Aging Study [36] . The study is approved by the Kuakini Medical Center Institutional Review Board and participants signed informed consents. Five cases of PD and five healthy controls were examined. DAB and fluorescent Immunohistochemistry for Lmp7, IBA1, and GFAP was performed on 10 μm thick tissue sections. For colorimetric DAB staining, formalin fixed paraffin embedded sections were rehydrated in ethanol and diH 2 O and submerged in H 2 O 2 for 30 min to quench endogenous peroxidase activity. Antigen retrieval was accomplished by microwaving the slides in a pressure cooker with R Buffer U (Electron Microscopy Sciences, 62,706-13). The tissue sections were then blocked at room temperature in 2% normal horse serum and incubated with Lmp7 antibody (Abcam, Ab3329, 1:5000) at 4°C for 18 h. Slides were rinsed in 0.1 M Tris and incubated with a biotinylated secondary antibody, ABC, and DAB solution according to Vectastain instructions (Vector Labs, PK-6200 and SK-4100). Images were acquired using a Nikon Eclipse E800 microscope. For fluorescent triple labeling, tissue sections were also rehydrated in ethanol and diH 2 O and subjected to the same antigen retrieval and blocking steps as described previously. Slides were then incubated with the same Lmp7 antibody at 1:2500 concentration, along with antibodies against IBA1 (ionized calcium binding adaptor molecule 1; Abcam, ab5076 RRID:AB_2224402, 1:1000) and GFAP (glial fibrillary acidic protein; Millipore, NE1015 RRID:AB_2043416, 1:2000) antibodies at 4°C for 18 h. Slides were then rinsed in 0.1 M Tris and incubated with corresponding Alexa Fluor-conjugated secondary antibodies (Invitrogen, A10042 RRID:AB_ 2534017; A21202 RRID:AB_141607; A21447 RRID:AB_2535864) for 1 h at room temperature. Slides were rinsed again in 0.1 M Tris and incubated with Hoechst 33,342 (Life Technologies, H3570), mounted with Fluormount G (Southern Biotech, 0100-01) and cover-slipped. I mages were acquired using a Nikon A1RSI laser scanning confocal microscope.
In Vitro Degradation Assay
Purified human WT α-synuclein was aggregated at 5 mg/mL for 7 days at 1400 rpm at 37°C. The fibrils generated from the aggregation of α-synuclein were used as substrate for the in vitro degradation assays. Myelin Basic Protein (Sigma M1891) was used at 25 μM and α-synuclein was used at 1 mg/mL. Human Immunoproteasome 20S (Enzo BML-PW8720) and Human Proteasome 20S (Enzo BML-PW9645) were used at a ratio of 0.11:1 proteasome:α-synuclein. Human Proteasome Activator 11S complex (BML-PW9420) was added at a final concentration of 500 nM. Reactions were incubated at 37°C agitating at 600 rpm, and samples were removed at indicated time points. Samples were separated in a 12% Bis-Tris Pre-Cast gel (Thermo Fisher) and stained with colloidal blue. Densitometry was used to quantify protein degradation of monomer bands of α-synuclein. Initial time point was considered 100% for each experimental condition. Three biological replicates were quantified for each experimental condition. For mass spectrometry analysis of the immunoproteasome peptides, the samples were removed following the indicated incubation time and frozen prior to processing. For the processing, a modified enhanced filter aided sample preparation (eFASP) was used. Briefly, 10 kDa cutoff microcon filters (Millipore) were first passivated in a solution of 5% Tween 20 overnight to reduce peptide binding, followed by extensive washes with dH 2 O. The samples were then transferred to the filters and centrifuged at 14,000 ×g for 10 min, retaining the flow through containing the peptides. Sample volume was then reduced to roughly 50 μL by SpeedVac. Contaminants in the sample were removed using C18 Stage Tips (Thermo Electron) and the samples were transferred to autosampler vials. LC-MS/MS conditions and instrument settings proceeded as above with the exception that the samples were not fractionated prior to analysis. The raw data was searched against a database constructed with the human sequence of α-synuclein, proteasome and immunoproteasome subunits using MaxQuant (1.5.1.2) with peptide cleavage set to nonspecific and a FDR of 1%.
Cell Treatments
U-251 cells were grown in high glucose DMEM supplemented with 10% FBS, 1% penicillin and streptomycin, 1% glutamine and 1% HEPES. Cells were plated at low density and allowed to adhere for 24 h, after which cells were pretreated with 0.1 μg/mL human interferon gamma (Pepro Tech Inc.) alone or in conjunction with the Lmp7 inhibitor ONX 0914 (Cayman Chemicals) at a final concentration of 0.2 μM. Following incubation overnight, 5 μg/mL α-synuclein fibrils were added to the media and incubated for 4d. The cells were washed 3× with PBS and lysed in PBS + 1% Trition-X100. 12 μg of protein was loaded into each lane and the western proceeded as described above. Primary antibodies to α-synuclein (clone Syn211, SigmaAldrich, S5566 RRID:AB_ 261518), Lmp7 (proteasome subunit beta type-8; Abcam, ab3329), and Actin (Sigma Aldrich, A2066 RRID:AB_476693) were incubated with the membrane at a concentration of 1:1000 overnight at 4°C (Syn211) or for 1 h at room temp (Lmp7, Actin). IR Dye conjugated anti-mouse or anti-rabbit secondary was incubated at 1:5000 for 1 h and the blots were visualized using an Odyssey LC scanner (LiCor).
Results
Mouse Model of α-Synuclein Aggregation
To identify proteomic and signaling perturbations induced by the aggregation of α-synuclein, a modified version of the recently developed and independently verified mouse model was employed [18, 20, 21] . α-Synuclein aggregation in non-transgenic mice was induced by unilateral injection of PFFs into three locations, the motor cortex, dorsal and ventral-striatum. PFFs were generated by aggregating purified recombinant mouse monomers of α-synuclein to insoluble amyloid-like fibrils exhibiting typical β-sheet secondary structure, then sonicating them to produce smaller, β-sheet PFFs (Fig. S1 ). The changes in the proteome and phosphoproteome were quantified 90 dpi, a time point that is characterized by aggregation of α-synuclein, but prior to significant dopaminergic neuron loss [18] .
Although this model has been extensively validated, dopaminergic neurons belonging to the substantia nigra pars compacta were stereologically quantified from tyrosine hydroxylase (TH) stained coronal sections spanning the entire extent of the midbrain at 90 dpi [18] . A nonsignificant 19 ± 6% loss of substantia nigra dopaminergic neurons was quantified in the injected side of wild type mice, (n = 3, t-test, pvalue = .0507) as compared to the non-injected side (Fig. S2C ). In contrast, no changes in TH staining was observed in the injected side of Snca −/− mice (Fig. S2C) , consistent with the previous results [18] . An antibody that recognizes phosphorylated α-synuclein at Ser-129 (pS129), a marker for α-synuclein inclusions in human disorders was used to stain brain tissue obtained at 90 dpi [37] [38] [39] . Consistent with the previous report [18] , Lewy body-like inclusions immunoreactive for pS129 were abundant in the substantia nigra (Fig. S2A) and striatum ( Fig. S2B) ipsilateral to the injection site by 90 dpi. In contrast, no staining was detected in the same areas on the non-injected side at this time point. Total levels of mouse α-synuclein are unchanged in the injected and non-injected side (Fig. S2E) . Moreover, there were no detectable pS129 α-synuclein inclusions in the brains of Snca −/− mice injected with PFFs in the same manner (Fig. S2) . Collectively, these data confirmed the presence of PFF-triggered α-synuclein aggregation in the ipsilateral injected side of wild type mice, which is associated with mild TH-positive neuron loss, consistent with previous findings in this model [18] .
Acquisition and Overview of the Proteome and Phosphoproteome
A quantitative proteomic workflow depicted in Fig. 1A (Fig. S3) . Although the [ 13 C 6 -lysine] internal standard was derived from the entire brain, whereas the "light" samples were derived from combining the midbrain and striatum regions only, we report high correlations and tighter spreads of the corresponding heavy-to-light peptide pairs (average Pearson correlation = 0.96) than the heavy-to-heavy peptide pairs (Fig. S3) . This improvement likely arises from the coincident sample processing workflow of the SILAM experiment as opposed to the parallel sample processing shown by the heavy-to-heavy comparisons. This analysis validated the use of [ 13 C 6 -lysine]-SILAM mouse brain as an appropriate standard for accurate proteome quantification.
The quantitative proteomic analysis was restricted to brain regions of pathological interest, which include the midbrain and the striatum. These two regions, dissected from two mice, were combined to generate sufficient protein for the proteomic analysis. Using this approach the proteomic analysis included four replicates derived from the injected and non-injected sides of wild type and three replicates obtained from each side of the similarly injected Snca −/− mice. Combined analysis of the replicates in wild type mice applying a false discovery rate of 1% and removal of contaminants and reversed sequences resulted in the identification of 6508 proteins with a light-to-heavy (L/H) ratio in the injected side, 6496 in the non-injected side, with 6215 proteins identified in both sides (Fig. 1B) . Analysis in the Snca −/− mice resulted in the identification of 4661 proteins with L/H ratio in the injected side, 4994 in the non-injected side, with 4460 proteins identified in both sides (Fig. S4A) . Immobilized metal affinity chromatography (IMAC) enrichment for phosphopeptides resulted in the identification of 10,058 phosphopeptides in the injected and 10,134 in the non-injected side of the wild type mice; 8183 phosphopeptides were common between the two sides. Similarly, 10,285 and 9775 phosphopeptides were identified in the Snca −/− mice; 8031 were shared between the two sides (Data file S1 and Fig. S4B ). In order to determine the extent by which the proteins quantified in this study are reflective of the proteins expressed in the mouse brain, and to protect against potential biases during the acquisition of the proteomic data, we constructed a global mouse brain proteome. For the mouse brain proteome we combined our non-injected wild type proteome with proteins identified by mass spectrometry in unperturbed mouse brain from several existing studies [28] [29] [30] 40] . The resulting proteome comprised of 11,055 unique proteins was curated through UniProt (http://www.uniprot.org). The distribution of the proteins quantified in our study was evaluated based on their molecular weight, cellular localization and biological function against the reference proteome. The proteins quantified were representative of the whole mouse brain proteome covering the entire range of molecular weights N10 kDa to N400 kDa (Fig. 1C) all major cellular compartments (Fig. 1D ) and major biological processes (Fig. 1E) . Together, these analyses indicated that the number of proteins quantified through this workflow in the midbrain and striatum are compatible with recent studies [40, 41] and are representative of the proteins expressed in the mouse brain.
Analysis of the Proteome and Phosphoproteome Reveals Selective Disease-Related Changes
Changes in the relative abundance of proteins were quantified by a ratiometric method, dividing the L/H ratio of the non-injected side by the L/H ratio in the injected side. The data was Log2 transformed, the coefficient of variance for each experiment determined, and the data scaled using the standard z-score. Statistically significant changes in proteins (t-test, p b 0.05) between the injected and non-injected sides were identified (Data file S2) and typical volcano plots integrating the p-value and the magnitude change were generated. The relative abundance of 377 of 6215 in wild type and 112 of 4460 proteins in the Snca −/− mice changed significantly in the injected side ( Fig. 2A;   Fig. S5 ). Similarly, 132 of 8183 phosphopeptides in wild type and 109 of 8031 in the Snca −/− mice showed significant change ( Fig. 3A;   Fig. S5 ). There was a minimal overlap between the proteins that showed changes in the injected side of the wild type and Snca −/− mice (7 proteins), indicating that the changes in the wild type were driven primarily by the aggregation of α-synuclein. This analysis indicated that aggregation of α-synuclein does not induce large remodeling of the proteome or phosphorylation-dependent signaling. Ontological and functional analysis of the 377 proteins is depicted in the circular plot (Fig. 2B ) in which the outer circle is a scatter plot for each biological term of the logFC (fold change) of the enriched proteins and the size of the inner trapezoids correspond to the adjusted p-value and the colour indicates the z-score. Some of these functional protein clusters (extracellular exosome, synaptic vesicle) have been previously linked to α-synuclein and may represent adaptive response to maintain proteostasis and synaptic function. The proteomic analysis identified five proteins selectively expressed in dopaminergic neurons among the proteins that decreased in abundance in the injected side of wild type mice. The analysis showed a significant decline in the levels of TH 50 ± 3%, aromatic-L-amino-acid decarboxylase (Ddc) 26 ± 4%, dopamine transporter (DAT; Slc6a3) 31 ± 9%, synaptic vesicular monoamine transporter-2 (VMAT2; Slc18a2) 42 ± 8% and Slc10a4 (specific function is unclear but is specifically expressed in dopaminergic neurons) [42, 43] 44 ± 3%. In contrast, the relative abundance of monoamine oxidase A (MAO-A) and catechol-O-methyl transferase (COMT) that metabolize dopamine and are expressed in both glia cells and dopaminergic neurons, did not change significantly (increased by 3 ± 4% and 8 ± 4%, respectively). This finding indicates that, despite possible dilution of the proteome by multiple cell types, our quantitative proteomic approach was capable of identifying specific changes in dopaminergic neurons. Moreover, the decline in the abundance of proteins critical for dopamine synthesis, transport, and recycling exceeded the loss of dopamine neurons (Fig. 2S) suggesting ongoing dopamine neuron dysfunction consistent with the progressive injury in the setting of α-synuclein aggregation. As a reference, the abundance of TH, Ddc and DAT did not change in the injected side of Snca −/− mice when compared to the contralateral, non-injected side.
Finally, the changes in the levels of TH, DAT and Ddc quantified by SILAM-MS-based methodology were further confirmed by western blot analysis. The western blot analysis matched closely the MS-based quantification showing similar decline in the levels of TH, DAT and Ddc in the injected versus the non-injected side (Fig. 2C) . The levels of TH, DAT and Ddc were unchanged in the injected side of Snca −/− mice when quantified by western blot (Fig. 2C) . As controls for the western blots, we probed for unchanged proteins as determined by the MS analysis. NSE, PKC-β2 and Akt, showed no change in the levels between injected and non-injected side in wild type and Snca −/− mice (Fig. 2C) by both MS-based quantification and western. Although a relatively small number of phosphopeptides showed significant change in the injected side of the wild type mice (132 phosphopeptides identified in 125 proteins, Fig. 3A) , the data was mined for kinases and functional pathways impacted by α-synuclein aggregation. First, we performed a motif analysis to identify possible sequences targeted by kinase families. This analysis revealed the enrichment for two motifs (Fig. 3B) . The first motif, X(any amino acid)-XSerine-Proline is a known minimal sequence motif for phosphorylation by mitogen-activated protein kinases (MAPK), which have been implicated in α-synuclein aggregation related disorders [44] [45] [46] [47] . The second motif, Arginine-X-X-Serine-X indicates the minimal motif for phosphorylation by Ca 2+ /calmodulin-dependent protein kinase II (CaMK-II), a serine/threonine kinase enriched at synaptic sites [48] [49] [50] . To further explore phosphorylation signal networks, bubble plots of the enriched cellular components and molecular functions were constructed using the z-score and the negative logarithm of the adjusted p-value (Fig. 3C) . The changes in phosphorylation signaling localize primarily in synapses and axons, and functionally relate to proteins that regulate axonal and synaptic cytoskeletal organization and structural integrity (Fig. 3C, Data file S3) . Moreover, when the changes in synapse associated phosphopeptides were combined with changes in synaptic vesicle proteins (Fig. 2B) , the integrated network highlighted numerous physical interactions indicative of functional changes to synaptic architecture and secretory processes in response to α-synuclein aggregation occurring before significant neuron loss (Fig. 3D) .
Upregulation of the Immunoproteasome in α-Synuclein Aggregation Disorders
Among the significantly changed proteins a prominent increase in the relative levels of the proteasome subunit beta type-8 (Psmb8; common name, low molecular mass protein 7; Lmp7), was quantified in the injected side of wild type mice (Fig. 2A) . The increase in relative abundance of Lmp7 by MS in the injected side of wild type mice was validated by western blot analysis (Figs. S6 and S7 ). Lmp7 is one of the three subunits of the catalytic core of the immunoproteasome [51] [52] [53] [54] , an inducible form of the proteasome assembled in response to inflammatory stimuli, primarily IFNγ [55] [56] [57] [58] . The immunoproteasome is defined by the replacement of catalytic subunits β 1 , β 2 and β 5 of the proteasome with proteasome subunit beta type-9 (low molecular mass protein 2; Lmp2), proteasome subunit beta type-10 (multicatalytic endopeptidase complex subunit-1; MECL-1) and Lmp7, respectively [51] [52] [53] [54] .
Since there are no previous studies linking α-synuclein aggregation to immunoproteasome induction and its potential role in proteostasis, we examined whether a similar increase of the immunoproteasome levels and activity occurs in human disease. We compared the levels of Lmp7 in the brains of dementia with Lewy bodies (DLB), which contain aggregated α-synuclein [16, 17, 35] , and non-disease control subjects. The analysis revealed a 3-fold increase in the levels of Lmp7 in DLB as compared to controls but no change in the levels of constitutive proteasome catalytic subunit β 5 ( Fig. 4A and B) . Chymotrypsin-like activity, which is selectively elevated in the immunoproteasome [52, 53] , was quantified to evaluate if the increase in protein levels correlates with activity. An 80% increase in the lactacystin-sensitive, chymotrypsin-like activity was quantified in the DLB brain homogenates as compared to controls (Fig. 4C) .
Immunohistochemical analysis of PD (n = 5) and non-disease control tissue (n = 5) showed increased staining for Lmp7 in both the substantia nigra and ventral tegmental area (VTA) in PD tissue (Fig. 4D) . Increased staining for Lmp7 was observed in both neurons and glia in the substantia nigra of PD cases but not in control cases (Fig. 4D and E) . Neuronal staining occurred in pigmented and non- pigmented neurons in PD substantia nigra. In PD ventral tegmental area, Lmp7 staining occurred primarily in glia, while neuronal Lmp7 was not detected in PD or control VTA. In glia and neurons, Lmp7 staining was detected throughout both cell bodies and processes. Lmp7 localization was further characterized by fluorescent triple labeling of astrocytes, microglia and Lmp7 (Fig. 4E) . In the VTA of PD cases, 47 ± 10% of IBA-1 positive cells, a marker for microglia, and 40 ± 4% of GFAP, an astrocytic marker, co-localized with Lmp7 (n = 4). Overall, the biochemical and histological data demonstrate activation of the immunoproteasome in human diseases characterized by α-synuclein aggregation.
To investigate the potential significance of the immunoproteasome we explored its ability to degrade α-synuclein fibrils in vitro. For these experiments, we used the 20S immunoproteasome and the 20S proteasome, which degrade proteins without the need for ubiquitin tagging or Motif analysis of the 132 phosphopeptides, which showed a significant change in relative abundance. Enrichment for two motifs was discovered; the XXSP motif, a known target for phosphorylation by MAP kinase and RXXS indicating substrates for CaMK-II kinase. (c) Bubble-plot indicating the cellular components (red) and molecular functions (blue) that were significantly enriched among the 132 phosphopeptides. The area of the displayed circles is proportional to the number of proteins. (d) Construction of a synaptic network from the 377 proteins and 132 phosphopeptides. Black circles indicate proteins that are functionally assigned to synaptic vesicles and showed significant changes in relative abundance. The yellow circles indicate phosphoproteins assigned to synapse and showed significant changes in relative abundance. The gray circles are proteins imported based on known interactions. Physical interactions are depicted as pink edges; associations based on co-localization (blue) and shared protein domains (gold).
the presence of the 19S regulatory particle [59] . First, we secured that the purified immunoproteasome degraded myelin basic protein (MBP), a selective substrate [60] . After 22 h, 96% of MBP was degraded by the immunoproteasome and 69% by the proteasome (Fig. S8) . Next, α-synuclein fibrils generated from purified human monomeric α-synuclein with typical β-sheet secondary structure were used as substrate. The immunoproteasome was capable of degrading α-synuclein fibrils in a time dependent manner achieving N50% degradation by 72 h and nearly complete degradation after 5 days of incubation ( Fig. 5A and B) . We further explored the possible consequences of immunoproteasome-mediated α-synuclein fibril degradation. Since one of the main functions of the immunoproteasome is to produce . Nuclei were counterstained with hematoxylin (blue). Scale bar = 50 μm. (e) Co-localization of Lmp7 with glial markers. Representative fluorescent staining for the astrocyte marker, GFAP; microglial marker, IBA1; and Lmp7. Overlay of GFAP, IBA1, LMP7 and Hoechst nuclear stain is displayed in the right column. Staining in non-disease control substantia nigra (e 1-4 ) and in VTA (e 5-8 ). Increased staining for Lmp7 in the PD substantia nigra (e [9] [10] [11] [12] ) and in the VTA (e [12] [13] [14] [15] [16] ). Lmp7 co-localized with both astrocytes and microglia. Staining increased in glial processes and soma (arrows) and neurons (asterisks) in PD substantia nigra relative to normal controls. Lmp7 staining increased in astrocytes and microglia (arrows) of PD VTA relative to non-disease controls. Scale bar = 20 μm.
peptides for antigen presentation, we tested if the degradation products exhibit peptide sequences that have been found to elicit MHC I and MHC II responses [61] . Mass spectrometry detected 1111 unique peptide sequences covering the entire 140 α-synuclein amino acid residues (Data file S5). Further refinement of the detected peptides indicated that the immunoproteasome produced multiple peptides within the antigenic regions of α-synuclein [61] , specifically between residues 31-46 and 116-140 (Fig. 5C) . Finally, to demonstrate that the immunoproteasome degrades α-synuclein fibrils in intact cells, we used U-251 cells, a human glioblastoma cell line that does not express endogenous α-synuclein and minimally detectable basal levels of Lmp7. The only source of α-synuclein in this cell model is the exogenous α-synuclein PFFs added to the culture media. In these cells, α-synuclein PFF uptake appears to be dependent on inflammatory activation as evidence by the lack of uptake of exogenous α-synuclein in PFF only treated cells (Fig. 5D) . The link between inflammatory activation and α-synuclein uptake has been previously documented [62] . Concurrent treatment with INFγ induces expression of Lmp7 and intracellular accumulation of exogenous α-synuclein. INFγ only treated cells show the expected increase in Lmp7, but there is no α-synuclein available to detect in these cells. Intracellular accumulation of the exogenous α-synuclein PFFs was quantified in the absence or presence of the Lmp7 specific inhibitor ONX-0914 [63] . Inhibition of the immunoproteasome results in greater intracellular accumulation of α-synuclein ( Fig. 5D and E) without altering Lmp7 levels. Taken together, the data suggest a possible neuroprotective role for the induction of the immunoproteasome to maintain proteostatic networks in response to α-synuclein aggregation.
Discussion
Here, we quantified changes in the proteome and phosphorylation signaling in a validated, non-transgenic mouse model of α-synuclein aggregation. The proteomic approach achieved quantification of N6000 proteins and 8000 phosphoproteins, with typical representation of proteins based on size, localization, and biological function consistent with similar MS-based proteomic studies using the entire mouse brain [30] or specific regions of mouse brain [41] indicating a reasonable coverage and representation of the proteome. The proteomic workflow enabled the quantification of 46 proteins that have been linked to Parkinson's disease or associated with Lewy body formation and 220 of 226 proteins that were recently linked to α-synuclein [64] . Contrary to expectations, the changes in the proteome and phosphorylation signaling pathways induced by aggregation of α-synuclein before significant dopaminergic neuron death are minimal and for the most part proteostasis is preserved. Despite the absence of widespread remodeling of the proteome, the data provided unique insights for the responses to protein aggregation, revealing selective changes in protein clusters that participate in dopamine neurotransmission, maintenance of neuronal and synaptic architecture and immune responses. These selective changes were absent in PFF-treated Snca −/− mice.
Ontological analysis of the changes in the proteome and phosphoproteome revealed both expected and novel findings. Notably, and consistent with the anticipated pathology, the data revealed selective and significant decrease in the relative abundance of proteins that regulate dopamine biosynthesis (TH, Ddc), transport and storage (VMAT-2) and recycling (DAT). The decline in the levels of TH, Ddc, VMAT-2 and DAT was greater than the magnitude of neuron loss supporting previous observations that alteration in synaptic proteins and function precedes dopaminergic neuron death [65] [66] [67] [68] . This observation is further reinforced by the quantification of significant changes in proteins that regulate synaptic vesicles and signaling through phosphorylation for proteins participating in the organization synaptic architecture and function. These results support previous reports [67, 69, 70] including observations in humans [69, 71] that perturbations of synaptic protein function and cytoskeletal integrity precede neurodegeneration in α-synuclein aggregation disorders.
Additional pathways impacted by the aggregation of α-synuclein included changes in mRNA processing, binding, protein transport and nucleoplasmic function. These changes are consistent with the alterations in nuclear-cytoplasmic protein and RNA transport observed in models of mutant huntingtin and TDP-43 neurotoxicity [5] . Significant changes in relative abundance were also quantified for 112 proteins that are annotated as extracellular and proteins associated with exosomes. Augmentation of extracellular protein release, including exosomes, in response to α-synuclein has been reported [72] [73] [74] and may represent neuronal attempt to remove potential toxic species of α-synuclein, which can be engulfed and degraded by surrounding glia. Although this hypothesis implies a neuroprotective strategy to accommodate proteostasis, it may also propagate α-synuclein toxicity and activate inflammatory and immune glia responses.
The analysis unearthed an increase in the levels of Lmp7, one of the three cardinal subunits of the immunoproteasome, which may represent a response to protein aggregation and activation of innate immunity, since the immunoproteasome is primarily induced by inflammatory stimuli, namely IFNγ [75, 76] . Increased Lmp7 levels in the mouse model of α-synuclein aggregation and, critically, in DLB and PD brains has not been previously documented. However, induction of the immunoproteasome is not specific for α-synuclein aggregation. Levels and activity of the immunoproteasome are elevated in postmortem brains of patients with Huntington's and Alzheimer's disease [77] [78] [79] [80] . In Huntington's disease, Lmp2-positive staining was predominantly within neurons and overlapped with approximately 5% of cortical huntingtin protein aggregates [78] . In the Alzheimer's disease brains increased labeling for the immunoproteasome was associated with reactive glia that surrounded amyloid-β plaques [79, 80] . Taken in conjunction with our findings that Lmp7 staining was increased in both neurons and glia in the substantia nigra and co-localized with microglia in the ventral tegmental area in cases with PD, these data indicate that neurons and glia attempt to counter protein aggregation by inducing the formation of the immunoproteasome.
The immunoproteasome serves at least two known biological functions. The major function relates to the generation of peptides presented by MHC class I molecules on the cell surface for recognition by CD8 + T cells [51] [52] [53] 81] . The immunoproteasome also removes ubiquitintagged oxidatively-modified misfolded proteins [55] [56] [57] [58] . Both of these functions may be critical for protein aggregation diseases and particularly for PD, DLB and related disorders characterized by aggregation of α-synuclein. Our data indicates that the immunoproteasome degrades α-synuclein PFFs in vitro and in cells, implicating the induction of the immunoproteasome as a potential pathway for elimination of α-synuclein aggregates. Moreover, the degradation of α-synuclein PFFs resulted in the generation of potentially antigenic peptides that can induce both MHC I and MHC II responses. Expression of MHC I in dopaminergic neurons in control (non-disease) and PD postmortem tissues has been reported [82, 83] . Moreover, the selective expression of MHC I in dopaminergic neurons renders them susceptible to CD8 + T cell mediated injury and death [83] . A recent study has extended these observations to show that peptides derived from α-synuclein elicit both MHC I and MHC II responses to drive cytokine secretion from CD4 + T cells and CD8 + cytotoxic T cells in peripheral mononuclear cells from patients with PD [61] . Therefore, the induction of the immunoproteasome in PD may relate to the degradation of α-synuclein and the generation of antigenic peptides for T cell presentation. This function may be viewed as detrimental for dopaminergic neurons as activation of T cells elicits cytotoxic effects in neurons. However, the immunoproteasome may play an important protective role. Primates and mice with longer lifespans have elevated levels of the immunoproteasome [84] . This may derive from the role of the immunoproteasome in degrading oxidatively modified, ubiquitin-tagged, aggregated proteins [55] [56] [57] [58] . The capacity of the immunoproteasome to degrade proteins modified by oxidants may also be a vital response to neurodegeneration since an association between oxidized proteins and increased immunoproteasome has been reported [85] . Oxidative stress and oxidized proteins have been long considered in the pathological cascade of neurodegenerative diseases including PD and related α-synuclein aggregation disorders [16, 86, 87] . Although several forms of autophagy and the lysosomal pathway may participate in clearing α-synuclein and related intermediates such as α-synuclein oligomers [88] , the immunoproteasome may be a viable strategy to influence neuroinflammation as well as clearance of potentially toxic α-synuclein species. Given these findings, the timely and appropriate induction of the immunoproteasome by small molecules or other activators may limit the progression of pathology in neurodegenerative disorders. A recent study provided a proof-of-concept for this suggestion by identifying small molecules known to inhibit the p38 MAP kinase arm of MAPK signaling as potent activators of the proteasome [89] . Interestingly, the activation of the proteasome by the p38 MAPK inhibitors was shown to increase removal of overexpressed α-synuclein in cells providing a foundation for future studies that target the immunoproteasome [89] .
Data uncovered a significant induction of Lmp7, one of the three principal subunits of the immunoproteasome. The induction of immunoproteasome has been associated with removal of misfolded proteins and preservation of proteostasis. Increased Lmp7 levels were also documented in postmortem human brain with Parkinson's disease and increased levels and proteolytic activity were documented in postmortem brains with DLB disease, which is characterized by α-synuclein aggregation.
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